New long path length, high resolution, Fourier transform spectrometer measurements for water are presented. These spectra cover the near infrared, visible, and near ultraviolet regions and contain water transitions belonging to all polyads from 3 to 8. Transitions in the range 13 100-21 400 cm Ϫ1 are analyzed using line lists computed using variational first-principles calculations. 2286 new transitions are assigned to H 2
I. INTRODUCTION
The spectrum of water in all its phases is of enormous importance in atmospheric science and in astronomy. Solid and liquid water are best detected by characteristic infrared and near infrared absorption bands. For example, solid water ice can be seen in the massive star-forming region in Orion ͑IRc2͒ from the ISO satellite. 1 Even from the ground, water ice can be seen in outer solar system bodies such as the moons of the giant planets 2 and Kuiper belt objects. 3 Infrared spectra of clouds in our own atmosphere also show characteristic water ice absorption bands. 4 The detection of water vapor can be achieved using microwave, far infrared, infrared, and near infrared spectral features. Infrared atmospheric sounders are routinely used from satellites for humidity measurements for weather forecasting purposes. 5 Water vapor masers are characteristic of starforming regions. 6 Thermal emission spectra of water vapor can also be seen from the ISO satellite in the far infrared and infrared in the Orion nebula. 7 Extraterrestrial detection of water vapor from the ground is difficult because of atmospheric absorption but hot water can be routinely measured in cool stars, 8 sunspots, 9, 10 and brown dwarfs. 11 After H 2 and CO, water is probably the most abundant molecule in the universe.
In our atmosphere, water is by far the most important greenhouse gas. Astronomical and atmospheric measurements of water usually involve the infrared, far infrared, or microwave regions because the transitions in these regions are strong. Although water can be seen in absorption at wavelengths shorter than 1 m in, for example, brown dwarfs 11 and in our atmosphere, these overtone transitions are weak. It is tempting, therefore, to consider that these water overtones are of minor importance in atmospheric chemistry. Most of the solar flux, however, is emitted in the near UV, visible, and near infrared regions so that the weak water, oxygen, and ozone bands largely control the visible radiation that reaches the surface of the earth. 12 The long a͒ Electronic mail: bernath@uwaterloo.ca b͒ path length of the solar radiation through our atmosphere partly compensates for the weakness of the visible water bands and makes them important in the earth's radiation balance. Surprisingly the radiation balance of the earth is still not well understood 13 in spite of more than a century of research, starting with Arrhenius 14 in 1896. The basic problem is simple to state: the incoming solar flux must be in balance with the outgoing thermal emission in the infrared. 12 This balance has not yet been modeled correctly-even for clear skies where the effects of clouds are minimized. The general consensus is that the atmosphere needs to be about 25% more absorbing in the visible region to achieve this balance. The discrepancy is sometimes called the ''missing absorber problem'' since some additional absorber needs to be identified. 13 This lack of balance is a serious embarrassment in atmospheric science. After all, predictions of effects such as global warming involve changes in atmospheric absorption that are typically less than 1% of the total absorption. Various suggestions have been made for resolving this discrepancy. The most popular explanations are related to problems in the calculation of extinction ͑absorption and scattering͒ due to clouds. For clear skies, absorption or extinction due to aerosols and thin clouds have been suggested 13 as the source. For water vapor, one possibility for the missing absorber lies in the myriad weak lines not currently included in the atmospheric models. Stellar opacity calculations, for example, need to include millions of water lines. 15 It was these atmospheric considerations, as well as problems in interpreting the visible data from the GOME instrument on the ERS-2 satellite, 16 that made us look again at the visible spectrum of water vapor.
We will only consider wavelengths shorter than 1 m ͑wave numbers greater than 10 000 cm Ϫ1 ͒ in our work. The oscillator strength in this region is mainly carried by the O-H stretching vibrations ͑called ) which can be combined with bending vibrations ͑called ␦). The bands near 9000 cm Ϫ1 are thus due to the ''3'' levels. Because two quanta of bend have approximately the same energy as an O-H stretching quantum, the bands in this region include ͑300͒, ͑003͒, ͑102͒, ͑201͒, ͑022͒, ͑220͒, ͑121͒, ͑041͒, ͑140͒, and ͑060͒ in the customary normal mode notation. These ten levels can interact with each other to give a very complex spectrum. Of these ten levels, eight are known from the work of Chevillard et al. 17 Very recently we have found the ͑060͒ level by infrared emission spectroscopy of the ͑060͒-͑050͒ hot band. 18 Further into the visible region the spectroscopy becomes more incomplete as the bands become weaker and more numerous. The 3ϩ␦ levels in 11 600-12 800 cm have been reexamined by Toth 19 and Flaud et al. 20 Mandin et al. 21 have measured the 4 and 4ϩ␦ bands between 13 200 and 16 500 cm Ϫ1 . Finally, Camy-Peyret et al. 22 have examined the 16 500-25 250 cm Ϫ1 region for the 5, 5 ϩ␦, 6, 6ϩ␦, 7 and 8 bands.
Many lines remained unassigned in all the spectra until the recent work of Polyansky et al. 23 on the 4, 4ϩ␦ region and Flaud et al. on the 3ϩ␦ region. 20 There are still many unassigned lines in the visible and ultraviolet. Much of the existing water data is summarized in the HITRAN database, 24 and these assignments have been improved and extended by Schwenke. 25 The weak water lines show no obvious patterns and traditional methods based on perturbation theory have difficulty in predicting the new energy levels. The recent spate of theoretical work uses new theoretical approaches based either on variational methods, 10, 26 or reformulations of the vibration-rotation Hamiltonian 20, 27, 28 to improve convergence.
The visible and near UV spectra of water are in particular need of improvement. The most sensitive experimental techniques for this type of work are based on lasers. Cavity ring down spectroscopy, 29 intracavity absorption spectroscopy, 30 and frequency modulation spectroscopy 31 have all been applied to detect weak water lines. These approaches are very sensitive with effective path lengths measured in kilometers but have limited spectral coverage. Direct long-path absorption spectroscopy in the earth's atmosphere is also attractive 32 but pressure broadening and pressure shifting of the water lines are a problem. In the work reported here, we use a White multiple reflection cell with a 50 m base path coupled to a high resolution Fourier transform spectrometer in order to record new water spectra from 10 000 to 30 000 cm
Ϫ1
. This experimental approach, combined with the new variationally based theoretical analysis, gives a major improvement in our knowledge of the visible and near visible spectrum of water.
II. EXPERIMENTS
The measurements were carried out using the Bruker IFS 120M high resolution Fourier transform spectrometer of the Laboratoire de Chimie Physique Moléculaire ͑Université Libre de Bruxelles͒ coupled to the 50 m base length Whitetype multiple reflection absorption cell of the Groupe de Spectrométrie Moléculaire et Atmosphérique ͑Université de Reims͒. A 450 W xenon arc lamp was used as light source. Two detectors ͑a Si and a GaP diode͒ were used to record the spectral region from 10 000 to 30 000 cm Ϫ1 . The spectra were recorded at room temperature ͑18°C͒. We used 12 traversals through the cell, giving a total absorption path of 602.32 m. This path was chosen because it maximizes the signal-to-noise ͑S/N͒ ratio of the recorded spectra. A water pressure of 18.5 hPa was chosen, below the vapor pressure ͑20.4 hPa͒ at 18°C in order to avoid condensation of the water on the mirrors and on the windows. The spectra were recorded at a resolution of 0.06 cm Ϫ1 ͑15 cm maximum optical path difference͒ in two overlapping pieces. In the visible-near infrared region ͑13 100-22 300 cm Ϫ1 ͒, the coaddition of some 2048 interferograms in a total recording time of the order of 12 h resulted in a S/N ratio of 3000. In the blue-near ultraviolet part ͑17 700-30 000 cm Ϫ1 ͒ of the spectrum, the coaddition of 4096 interferograms ͑24 h of recording time͒ proved necessary to attain a S/N ratio of 2500. A third region was recorded in the near infrared ͑9000-15 000 cm Ϫ1 ͒ but the lines were mainly saturated. This spectrum contained some weak artifact features caused by the strong lines which interfered with the measurement of weak new features. Spectra in this near infrared region will be re-recorded in the near future. For each of the three spectral regions discussed above, additional spectra were recorded with nitrogen added in order to determine pressure broadening coefficients. Spectra of ''pure'' D 2 O, and of an equal mixture of H 2 O and D 2 O were also measured in order to study HOD and D 2 O. None of this work will be discussed in this paper. All of the analysis in this first paper is based on the visible-near infrared spectrum of the 13 100-22 300 cm Ϫ1 region recorded with the Si photodiode.
III. EXPERIMENTAL RESULTS
An overview of the raw visible-near infrared spectrum is presented as Fig. 1 . The overall shape is determined by a blocking filter in the near infrared and the declining response of the Si-photodiode detector in the near ultraviolet. Pressure-broadened Xe atomic emission lines from the lamp give structure to the baseline. The He-Ne laser line can also be seen as an out of phase emission feature at 15 798 cm
Ϫ1
. A more expanded portion of the spectrum is provided in Fig.  2 in order to show the signal-to-noise ratio. Finally, Fig. 3 shows the 8 region near 25 000 cm Ϫ1 ͑from the blue-near UV spectrum͒, where the weakest of the observed bands are found.
The line parameters were measured using the SPECTRA program 33 which fitted each feature with a Voigt line shape function. In the fitting process, the sinc instrument line shape function was also included but the spectra displayed no ''ringing,'' except for the strongest lines. The advantage of the SPECTRA program is that it also automatically fits the baseline. Because of the long recording times, we could not obtain a reliable spectrum of the empty cell to use as a reference I 0 in the computation of the absorbance. Because we were keen to characterize all the weak lines in the spectrum, some noise spikes were wrongly identified as very weak lines. These spikes can be identified after the fitting procedure because they are unrealistically narrow or broad. We have removed most of these line artifacts from our line list but some remain. The estimated absolute error in the line positions is 0.004 cm Ϫ1 . One of the spectra was recorded with an iodine cell placed in the light path. Comparison of the iodine line positions with the values of Gerstenkorn and Luc 34, 35 enabled us to perform a wave number calibration. In the end, the raw spectra were shifted by ϩ0.002 353 cm Ϫ1 , corrected for the refractive index of air ͑the spectrometer was not evacuated͒, and then multiplied by the factor 1.000 001 78. Our calibrated line positions agree with previous work by Camy-Peyret et al. 22 The output of the SPECTRA program includes for each line a value for the line position ͑in cm Ϫ1 ͒, linewidth, line intensity, and approximate equivalent width ͑line area͒. For convenience we have included these parameters in our experimental line lists. The line intensity is the natural logarithm absorbance computed from the peak maximum and the local baseline. The units of linewidth and the equivalent width are mili•cm Ϫ1 . The equivalent width can be converted to a line intensity in more conventional units, but we have not carried out this conversion. The goal of this paper is the measurement of line positions and the assignment of new lines, as guided by the line intensities. The accurate measurement of line intensities and pressure broadening coefficients has yet to be completed and will be reported elsewhere.
IV. THEORY
The theoretical procedure used to assign the new experimental results follows closely that used by Polyansky et al., 23 who successfully reanalyzed the near infrared spec- trum of Mandin et al. 22 This procedure involves the use of calculated linelists. For this we used the same two line lists as Polyansky et al., namely ZVPT 36 ͑Zobov, Viti, Polyansky, and Tennyson͒ and PS ͑Partridge and Schwenke͒. 26 These line lists are only for H 2 16 O and hence our analysis is restricted to this water isotopomer. We have also measured D 2 O and HOD spectra but we will report on this work at a later date.
Both the line lists have been generated using high accuracy variational calculations for the vibration-rotation motion of the water. The major difference between the line lists is that ZVPT is based on ab initio calculations with explicit allowance made for non-Born-Oppenheimer effects, 37 while the PS line list used a potential which had been refined using spectroscopic data. Along with the two theoretical line lists, we also maintained and updated lists of observed energy levels. The observed energies were used to make further ''trivial'' assignments and to confirm previous assignments via combination differences. Below we make a distinction between assignments which have been confirmed by combination differences, which can be regarded as secure, and those for which only a single transition involving the upper energy level has been observed, for which occasional misassignments are possible. Over 80% of the assigned transitions reported below have been confirmed by combination differences.
As has been noted before, 23, 38 the PS line list predicts individual transitions with higher accuracy than the ZVPT one, but the errors in the ZVPT are much more systematic, thus allowing trends to be followed for particular classes of transitions. The analysis presented in this work is restricted to transitions up to 21 400 cm
Ϫ1
. The ZVPT line list does not extend beyond this wave number and at wave numbers above 20 000 cm
, the predictions of the PS line list become increasingly wild. We are in the process of constructing a new, extended ab initio line list which will be used to analyze the near ultraviolet region above 21 400 cm Ϫ1 . Matching an observed transition with one in the line lists does not automatically give full quantum number assignments to the transition. The ZVPT line list only contains rigorous quantum numbers: for each energy level ZVPT gives (J,p,q), where J is the rotational angular momentum, p the rotational parity, and q denotes an ortho or para state. The PS line list gives a full set of quantum numbers but, for the upper states given here, these cannot be relied on.
One reason why the PS quantum numbers are unreliable is because, like all previous spectroscopic studies of water transitions in this region, the vibrational states are labeled using normal modes. However, it is well known that water in the 4v polyad ͑and higher͒ acts as a local mode molecule. 22, 39 See Refs. 40 and 41 for comprehensive reviews of local mode theory. The local mode labels are (n,m) Ϯ v 2 , where nϩmϭv 1 ϩv 3 and the superscripted sign indicates whether the quanta in each local mode appear as a symmetric or antisymmetric combination. Note that when n ϭm, only the symmetric combination is allowed and the superscripted sign is usually omitted.
In making assignments we found the normal mode labeling increasingly hard to support and we therefore chose to work within a local mode model. This view is supported by the near degeneracy of the local mode states (n,0) ϩ 0 and (n,0) Ϫ 0 for nϭ4, 5, and 6 in the results presented below. The summary tables below label the vibrational states using both notations. However, as noted in the tables, we have switched a considerable number of normal mode assignments used in the original studies 21, 22 to obtain a consistent set of labels for the vibrational states. The more recent theoretical work, e.g., Ref. 42 , on water has labels that agree with ours.
V. RESULTS
The complete measured spectrum is too large to list here and therefore has been placed in the E-PAPS electronic archive. 43 Tables I and II present summaries of the results. These tables separate the results obtained for 4 and 4 ϩ␦, which are presented in Table I , and 5, 5ϩ␦, 6 and 6ϩ␦ region, which are presented in Table II . These two regions will be discussed separately below.
A. The 4 and 4؉␦ polyads
A high resolution spectrum of water vapor in the region 13 200 and 16 400 cm Ϫ1 was recorded by Mandin et al. 21 Mandin , where the assignments are in local and normal mode notation, respectively. A full list of assignments are given in the electronic archive 43 and are summarized in Table I . Tables I and II give band origins for the states observed. These band origins were obtained by using two different techniques. A band origin can be obtained accurately and directly if a transition involving the 0 00 level of the vibrational state in question is observed. However, if this level is not observed, a less accurate estimate can be obtained by correcting the predicted band origin by the average prediction error of low-lying levels observed in this band. The results of PS were used for this purpose. Band origins determined by the second method are quoted to fewer figures, usually to the nearest 0.1 cm Ϫ1 . Besides the two new vibrational states observed, new transitions were observed in all previously assigned bands. For four bands, (2, 2) ϩ 0 or ͑004͒, (3,0) ϩ 3 or ͑330͒, (2,1) Ϫ 3 or ͑033͒, and (3,1) ϩ 1 or ͑410͒, the number of assigned transitions have been approximately doubled. The assignments to the 0 00 levels of the (2, 2) ϩ 0 or ͑004͒ and (3,0) ϩ 3 or ͑330͒ state means that accurate band origins have been determined for these states for the first time. These accurate band origins are consistent with the predictions of Polyansky et al.
23

B. Higher polyads
Camy-Peyret et al. 22 This has led to the assignment of 13 new vibrational states and 18 new band origins. These results are summarized in Table II ; the full line list containing both assigned and unassigned transitions has been placed in the electronic archive. 43 As shown in the footnotes to Table II , we have relabeled most of the vibrational states assigned by CamyPeyret et al. 22 Without this relabeling it is not possible to get a consistent set of local mode labels for the various states. The validity of the local mode designations is shown by the near degeneracy of the pairs of states whose labels differ only by the ϩ or Ϫ sign which gives the symmetric or antisymmetric character of the state. This quasidegeneracy is particularly strong for the extreme local mode states (n,0) Ϯ 0.
C. Energy levels
One product of the assignment of new spectra is new experimental energy levels for the upper states of the molecule. Because the low-lying states involved in the transitions observed here are known to high accuracy, 44 one obtains a direct measurement of the excited state level to the accuracy of the experiment. Tables of measured energy levels are useful for a number of applications including the derivation of combination differences as discussed above. As part of our assignment procedure we maintain and update tables of these energy levels.
In this work, our tables ͑Tables I and II͒ started from those obtained in previous studies. [21] [22] [23] In the 4 and 4 ϩ␦ polyad region we have added a further 348 levels to the 1022 obtained previously. 22, 23 For the higher polyads, we have more than doubled the number of levels, adding 542 new levels to the 511 obtained previously. 21 A full list of the levels, combining both present and previous results, has been placed in the E-PAPS archive. 43 
VI. CONCLUSIONS
In this paper we report on new absorption spectra of water obtained over an extended frequency range ͑13 098-21 400 cm Ϫ1 ͒. These spectra were recorded using a Fourier transform spectrometer and a long path length cell. A large number of new lines have been recorded. These spectra have been analyzed using line lists computed from variational nuclear motion calculations. 2321 new lines have been assigned and 15 new vibrational states detected. Particularly at higher wave numbers, there remain many transitions which have yet to be assigned. These will be the subject of further analysis.
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